Objective: Methods to assess β-cell function in clinical studies are limited. The aim of the current study was to compare a direct measure of insulin secretion with fasting surrogate markers in relation to glucose tolerance status.
everal methods have been developed to assess pancreatic β-cell function; however, all methods have limitations (1) . Direct measures, such as the hyperglycemic clamp (2) and the acute insulin response (AIR) from an intravenous glucose tolerance test (3) are laborious and expensive procedures and, therefore, are rarely used in larger-scale clinical research and are irrelevant for clinical practice. Instead, surrogate markers based on fasting blood samples are often used; namely, homeostasis model assessment (HOMA; based on simultaneous measures of fasting glucose and insulin levels; 4), proinsulin levels, and the proinsulin-to-insulin ratio (5) . Stimulated (such as AIR) and fasting measures (such as HOMA) may not be directly comparable and it is still a matter of debate to which particular aspects of β-cell function these measures relate and, ultimately, to what extent these measures truly reflect β-cell function (1, 4) .
Based on HOMA findings from the UKPDS it has been suggested that in patients with type 2 diabetes β-cell function is reduced by 50% at the time of diagnosis (6), and, hence, that loss of β-cell function begins 10-12 years before diagnosis (7) . The magnitude of β-cell dys-function in patients at risk of diabetes (IGT) or early type 2 diabetes (as detected by OGTT) has not been studied in a large population, using a direct measure of β-cell function.
Therefore, the aim of the current study was to assess β-cell function by comparing a direct measure of insulin secretion, the acute insulin response from an intravenous glucose tolerance test, with surrogate markers of β-cell function across varying states of glucose tolerance (including IGT and early type 2 diabetes), in a large, tri-ethnic population, the Insulin Resistance Atherosclerosis Study (IRAS).
METHODS
The IRAS is a multi-center, epidemiological study aiming to explore relationships between insulin resistance, cardiovascular risk factors and cardiovascular disease across different ethnic groups and varying states of glucose tolerance. A full description of the design and methods of the IRAS has been published (8) . The IRAS protocol was approved by local institutional review committees, and all subjects gave informed consent. The IRAS examinations required two visits. Patients were asked prior to each visit to fast for 12 hours, to abstain from heavy exercise and alcohol for 24 hours, and to refrain from smoking the morning of the examination. Race and ethnicity were assessed by self-report. Height, weight, girth measurements and other laboratory measurements were performed using standard methods, as described (8) .
A total of 1624 (non-diabetic and diabetic) individuals participated in the IRAS baseline examination. After an average of 5.2 years (range, 4.5-6.6 years), follow-up examinations were conducted using the protocol used at baseline. The response rate was 81% and those who attended the followup examination were similar to those who did not attend in terms of ethnicity, sex, baseline glucose tolerance status, and BMI (all comparisons, p>0.32). Longitudinal data as derived from the follow-up examination was used for the sole purpose of defining an NGT/NGT population (NGT at baseline and at follow-up) as a reference for assessing the magnitude of β-cell dysfunction across various glucose tolerance categories. Therefore, this report includes cross-sectional data in n=1380 subjects stratified as follows; normal glucose tolerance (NGT; n=712), impaired glucose tolerance (IGT, as defined by WHO criteria; n=353), newly diagnosed type 2 diabetes based on fasting glucose levels (≥126mg/dl; n=135; DMf), or 2h S OGTT glucose levels (≥200mg/dl; n=80; DM2h), or newly diagnosed diabetes by both fasting and 2h hyperglycemia and patients with established type 2 diabetes on diet only (n=100; DM).
A standard 75-g oral glucose tolerance test (OGTT) was performed. An FSIGTT (9) with minimal model analysis (10) was performed to assess insulin sensitivity. Two modifications of the original protocol were used. An injection of regular insulin, rather than tolbutamide, was used to ensure adequate plasma insulin levels for the accurate computation of insulin sensitivity across a broad range of glucose tolerance. In addition, the reduced sampling protocol (which required 12 rather than 30 plasma samples) was used because of the large number of subjects. Insulin sensitivity, expressed as the insulin sensitivity index (S I ), was calculated by mathematical modeling methods (MINMOD, version 3.0 [1994] ). Acute insulin response (AIR) was calculated as the mean plasma insulin concentration at 2 and 4 minutes after the administration of glucose (this value correlates with the MINMOD derived AIR [10] ; r=0.93, p<0.0001).
Glucose and insulin levels in all samples were measured at the central IRAS laboratory at the University of Southern California, Los Angeles, CA. Plasma glucose was measured with the glucose oxidase technique on an automated autoanalyzer (Yellow Springs Equipment Co.). Insulin was measured using the dextran-charcoal radioimmunoassay (11) . This insulin assay cross-reacts with proinsulin. The split pair coefficient of variation (CV) for the insulin radioimmunoassay was 19 % (n=163). Fasting serum intact proinsulin, and split proinsulin were determined from samples stored at -70°C for an average of 3.3 years (35-44 months) by means of highly specific two-site monoclonal-antibody-based immunoradiometric assays (12) . The split pair CV was 14% for proinsulin (n=98) and 18% for split proinsulin (n=98). There was no detectable cross-reactivity of insulin or split proinsulin in the intact proinsulin assay. Insulin did not significantly cross-react in the assay for split proinsulin and the crossreactivity of intact proinsulin in this assay was 84%. Assay values of split proinsulin were corrected for this by substracting the corresponding proinsulin cross-reactivity. The assay of split proinsulin cross-reacts equally with 32-33, des-32 and des-31-32 split proinsulins. We used the term split proinsulin to indicate the sum of these three molecules the majority of which are des-31-32 split proinsulin (5, 13). The sensitivity limit of the intact proinsulin and split proinsulin assays was 1.25 pmol/l (3 SDs from zero). Intact proinsulin and split proinsulin were determined at the laboratory of the Department of Clinical Biochemistry at Addenbrook's Hospital, Cambridge, UK (Prof CN Hales). Statistical analyses. Homeostasis model assessment (HOMA) insulin secretion and insulin sensitivity measures were calculated using the 1998 computer program (14; HOMA-IS and HOMA-%B). Analysis of covariance (ANCOVA) and Spearman correlations were calculated using SAS version 9.1. Log-transformed values were used in all analyses for all continuous variables which appeared to be more normally distributed with the transformation than without. It has been suggested that HOMA-%B values be interpreted in the context of concomitant insulin resistance (4), therefore multivariate analyses (adjusting for HOMA-IS) were perfomed in addition to univariate analyses. All measures of insulin sensitivity and insulin secretion were also log transformed so that models adjusting insulin secretion for insulin sensitivity would conform to the established hyperbolic-shaped relationship within each glucose tolerance category. More detailed analyses of the AIR-S I relationship across glucose tolerance categories in the IRAS have been published (15).
In the case of S I , S I +1 was logtransformed since the logarithm of 0, a valid value for S I , is undefined. For ease of comparison, ANCOVA results are indexed by multiplying the means by 100 divided by the mean for the normal group (either all subjects with NGT at the baseline examination or those who were NGT at both baseline and follow-up). Main effect and interaction terms for ethnicity were added to ANCOVA models to test for significant heterogeneity. P-values < 0.05 are reported as statistically significant. Table 1 shows baseline characteristics stratified by glucose tolerance status, including measures of insulin resistance and insulin secretion, respectively. Insulin resistance (as assessed by HOMA-IS and minimal model S I ) gradually deteriorated with deteriorating glucose tolerance status (from NGT to DM); by contrast, insulin secretion, as assessed by HOMA-%B, (slightly) increased in IGT and DM2h versus NGT, but decreased in DMf and DM (with no difference between the latter two); insulin secretion, as assessed by AIR decreased from NGT to IGT and DM2h, and further to DMf and DM (with no difference between the latter two).
RESULTS
In order to estimate the magnitude of β-cell dysfunction by deteriorating glucose tolerance status, data were indexed to data from subjects with NGT at baseline (table 2, fig 1) , and subjects with NGT both at baseline and at the IRAS follow-up examination (NGT/NGT) (fig 2) .
Relative to NGT, intact proinsulin, split proinsulin, the proinsulin-to-insulin ratio and the split proinsulin-to-insulin ratio showed a steady increase with deteriorating glucose tolerance, with no difference between DMf and DM (table 2) . HOMA-B, by contrast was not different between NGT, IGT and DM2h, and decreased significantly in DMf and DM, with no difference between the latter two. In analyses adjusting for insulin sensitivity, β-cell function was compromised by 13% (HOMA-%B) to 40% (AIR) in IGT, and in newly diagnosed type 2 diabetes, based on an OGTT (DM2h) from 12% (HOMA-%B) up to 60% (AIR), based on fasting values (DMf) from 59% (HOMA-%B) up to 77% (AIR) and in newly diagnosed diabetes with both fasting and post-challenge hyperglycemia or diabetes on diet only (DM) from 62% (HOMA-%B) to 75% (AIR). When using IFG/NGT as a separate category (n=58), a 38% reduction in HOMA-B and a 44% reduction in AIR, relative to NFG/NGT (adjusted for insulin resistance, respectively) was found (data not shown).
Proinsulin levels (both intact and split), i.e. 1/proinsulin and 1/split proinsulin slightly overestimated the β-cell defect ( fig 1A) , compared to AIR, in unadjusted analyses, but underestimated the defect in analyses adjusting for insulin resistance ( fig 1B) ; by contrast, HOMA-B underestimated β-cell dysfunction, relative to AIR, particularly in IGT and DM2h, and to a lesser degree in DMf and DM (fig 1) . Adjustment for insulin resistance decreased this gap between HOMA and AIR to some extent ( fig 1B) .
When data were indexed to subjects with NGT at baseline and follow-up (NGT/NGT) similar results were found; however, the magnitude of the β-cell defect relative to the reference group, as well as the gap between AIR and surrogate markers were generally greater (fig 2) . Spearman correlation analyses (table 3) Proinsulin and the proinsulin-to-insulin ratio were only modestly -inversely -related to AIR (r values from -0.02 to -0.27), and AIR was strongly related to HOMA-%B (r values 0.56 and 0.58) (table 3) .
Heterogeneity analyses ( 
DISCUSSION
The present study yielded 2 major findings; firstly, β-cell function, as assessed using a direct measure of (first phase) insulin secretion (AIR) is markedly compromised in IGT and early type 2 diabetes (as newly diagnosed by OGTT) and secondly, surrogate markers of β-cell function, including HOMA, underestimate the magnitude of the β-cell defect across declining glucose tolerance status, especially for IGT and new DM by OGTT, compared to a direct measure of insulin secretion (AIR). Findings were consistent across the 3 ethnic groups of the IRAS.
The relationship between glucose and insulin in the basal state (as expressed by HOMA) reflects the balance between hepatic glucose output and insulin secretion, which is maintained by a feed-back loop between the liver and β-cells (16), whereas AIR reflects first phase insulin secretion, hence, two different aspects of pancreatic β-cell function. Both measures, however, are highly interrelated. Of interest, although HOMA-B was strongly related to AIR, based on correlation analyses (table 3) , HOMA-B failed to discriminate between glucose tolerance categories, while AIR and also proinsulin levels, only modestly related to AIR in correlation analyses, discriminated between categories. Previous reports indicate that AIR and proinsulin levels predict incident type 2 diabetes (17, 18) , as well as insulin secretion, as assessed by HOMA (19) . Potential limitations of the use of HOMA as a measure of insulin resistance and β-cell function, respectively, have been discussed in detail (4, (20) (21) (22) , including its lack of capture of brain glucose uptake, its lack of capture of the stimulated state by relying on fasting measures, its insensitivity to a variable β-cell glycemic sensitivity, its insensitivity to factors affecting insulin secretion other than glucose, such as amino acids fatty acids, cortisol or growth hormone (22), and considerations around reproducibility of the method (21) . These limitations and further research in developing simple markers of insulin resistance/secretion notwithstanding, HOMA is still considered a preferred method in large epidemiological studies (20) and considered useful in research on discovering the pathogenesis of type 2 diabetes (21) .
A large study in Pima Indians showed modest correlations of indices derived from an OGTT to more sophisticated measures of insulin secretion and sensitivity, respectively (23). This and numerous other studies, using various measures of insulin secretion, demonstrated that β-cell dysfunction precedes the clinical manifestation of type 2 diabetes (review in 24). Little information is available, however, about the magnitude of this defect. Based on HOMA results from the UKPDS, it has been suggested that at the time of diagnosis 50% of β-cell function is already lost, and that β-cell dysfunction starts some 10-12 years before the diagnosis of type 2 diabetes (6,7).
In the present study, analyses adjusting for insulin sensitivity (1/HOMA-IS or S I , respectively) showed that β-cell function, relative to subjects with NGT, was compromised in IGT, DM2h, DMf, and DM by 13%, 12%, 59%, and 62% (HOMA-B), but as much as 40%, 60%, 80%, 75%, using AIR. The β-cell defect was even more pronounced when indexed to a population with "true" NGT, i.e. individuals who remained glucose tolerant throughout the 5.2 year follow-up of the IRAS. These findings indicate that (a) β-cell defects may be more pronounced early in the pathogenesis of diabetes than previously reported, that (b) defects of first phase insulin secretion (AIR) are more pronounced as compared to defects as characterized by HOMA-%B, particularly in populations with post-challenge hyperglycemia (IGT and DM2h), that (c) AIR might be a better indicator of early β-cell dysfunction than HOMA-%B. Further, a decline in β-cell function may start even earlier (more than 10 years before diagnosis), and/or the decline in β-cell function over time may steeper, than suggested from the UKPDS. However, our findings are not necessarily contradictory to reports from the UKPDS; the present report represents a population earlier in the diabetes continuum (IGT and diabetes identified by an OGTT vs. clinically diagnosed diabetes in the UKPDS), and by indexing β-cell function to a population with NGT we were able to compare the magnitude of the defect relative to a control group from the same population sample. In our study the most severe glucose tolerance category (DM) had a β-cell function (by HOMA-%B) of 58% (table 1) , which, however, accounted to only 38% when indexed to NGT and adjusted for prevailing insulin resistance (table 2) . Data based on adjusted analyses is more likely to reflect the prevailing patho-physiology, because insulin resistance and insulin secretion are tightly interrelated and, hence, information is limited and may be misleading when considering one aspect without considering the other (1, 24) . We would like to note, however, that adjusting HOMA-%B for HOMA-IS may be problematic, since both measures contain fasting insulin and glucose values only.
In previous reports, proinsulin and/or the proinsulin-to-insulin ratio have been shown to correlate with AIR (5,25), lending support to the hypothesis that these measures may be used as surrogate markers of β-cell dysfunction (26) . Disproportionately elevated proinsulin levels (i.e. proinsulin levels after insulin secretion has been taken into account) have been shown to correlate with direct measures of β-cell dysfunction and predict incident diabetes (19) . Because proinsulin levels have also been shown to correlate with increased insulin resistance (5), adjusted analyses (for insulin sensitivity) were also performed in an attempt to focus on proinsulin levels in the context of insulin secretion. In the present study, fasting proinsulin measures displayed a pattern somewhat closer to AIR than HOMA-%B, although fasting intact proinsulin and split proinsulin slightly overestimated the defect in unadjusted analyses, and underestimated the defect in analyses adjusting for insulin resistance (vs AIR, respectively). The role of fasting proinsulin levels (or indices thereof) as a simple means to assess beta-cell function for large scale clinical trials and eventually the therapeutic decision-making process needs further evaluation. This will also require the use of universally accepted assays in order to be able to compare proinsulin levels and proinsulin-to-insulin ratios across studies and populations.
The present report has several limitations; (a) findings are based on cross-sectional analyses, yielding no evidence on the course of β-cell function over time across the various stages of glucose tolerance; (b) we used fasting measures and an intravenous glucose tolerance tests as measures of β-cell function, rather than measures yielding information about second phase insulin secretion (such as the hyperglycemic clamp) or post-meal dynamics after oral glucose/meal challenges (OGTT or meal tolerance test). Therefore, we would like to acknowledge that we can only discuss β-cell function (and dysfunction) in the context of these 2 measures (and limitations thereof), unable to cover all complexities of β-cell regulation. Finally, (c) in the IRAS population, some individuals presented with S I =0 (table 1); this may be related to the reduced sampling schedule and the insulin dose used in the IRAS. However, subjects with IGT and type 2 diabetes with S I =0 are significantly more obese and have greater upper-body adiposity as insulinresistant subjects with an S I >0 (27) . Also, subjects with S I =0 have increased cardiovascular risk factors compared to subjects with S I >0. These results suggest that subjects with S I =0 are, indeed, very insulin resistant, and probably represent an S I very close to zero rather than a failure of the minimal model.
In summary, subjects with IGT and early stage, asymptomatic type 2 diabetic patients have more pronounced β-cell defects than previously estimated from epidemiological studies using HOMA.
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Figure 2
Measures of β-cell function in all study subjects stratified by glucose tolerance status at baseline indexed to NGT both at baseline and follow-up (NGT/NGT). A. Unadjusted B. Adjusted for insulin resistance; HOMA-%B for HOMA-IS, 1/PI and 1/SPI for 1/insulin, and AIR for S I .
NGT: Normal glucose tolerance; IGT: impaired glucose tolerance; DM2h: Type 2 diabetes by 2h OGTT criteria; DMf: Type 2 diabetes by fasting criteria; DM: diabetes by fasting and 2h hyperglycemia, and established type 2 diabetes, on diet/exercise only; PI: proinsulin; SPI: split proinsulin; AIR: acute insulin response. 
